Magnetization states in magnetic materials are fundamental building blocks for constructing memory, computing and further communication devices at the nanoscale. Static states such as magnetic domains are being used in non-volatile memories 6 , whereas dynamic excitations-spin-waves-might serve to transmit signals and encode information in future electronic devices 7 . Collective magnetization states, which result from electron exchange coupling, are traditionally modified through magnetic fields created with electrical currents, giving rise to heat dissipation and stray fields. The spin-transfer-torque effect [8] [9] [10] , which can be originated from pure spin currents offer promising pathways towards the control of magnetic states at the nanoscale without using magnetic fields. Another promising strategy for handling high-speed magnetic moment variation at the nanoscale together with low-power dissipation is the use of electric fields. Although direct effects of electric fields on magnetic states are weak, electric fields can be used to induce strain and elastic deformations in a nanoscale magnetic material that might result in changes of magnetic properties as shown mostly by static experiments [11] [12] [13] [14] [15] .
Surface acoustic waves (SAWs) are propagating strain waves that can be generated through oscillating electric fields at the surface of piezoelectric materials. SAWs have been used to induce magnetization oscillations in magnetic materials and to achieve assisted reversal of the magnetic moment [16] [17] [18] [19] [20] [21] . However, SAW induced magnetization dynamics is mostly treated as an effective variation in the magnetic energy, providing thus little information regarding the physical coupling between phononic and magnetization modes.
In this letter we report an experimental study that probes the dynamic coupling of SAWs with the magnetization dynamics of nano-elements. The study provides a simultaneous direct observation of both strain waves and magnetization modes with high spatial and temporal resolution. Our technique combines time and spatially resolved X-ray magnetic circular dichroism (XMCD) 22 and Photoemission Electron Microscopy (PEEM) 23 . While XMCD probes the magnetization, the low-energy electrons detected by PEEM yield information on the piezo-electric potential caused by the strain wave in the piezoelectric substrate, thus providing a local measurement of strain strength. Stroboscopic XMCD and PEEM images synchronized with the SAWs allow us to correlate the local changes in magnetization with the spatial variation of the strain field.
A schematic plot of the measurement is shown in Fig. 1 . Micrometric Nickel (Ni) squares were deposited onto piezoelectric LiNbO 3 substrates containing interdigital trans-ducers (IDTs) for the excitation of SAWs. The IDTs were designed to launch SAWs of a frequency f SAW = 499.654 MHz at room temperature, which is exactly the repetition rate of X-ray bunches at the ALBA Synchrotron in multibunch mode. By using an electronic phase locked loop (PLL) between the synchrotron master clock and the rf-excitation signal applied to the IDT, we achieved phase synchronization between the SAW and the X-ray light pulses illuminating the sample 24 (see, Methods and Supplementary Materials). For each phase delay between the SAW and the X-ray pulses, we recorded PEEM images that provided magnetic contrast of the sample surface through the XMCD effect. These stroboscopic measurements allowed us to reconstruct the strain wave propagation and its effect on the magnetic structures with a time resolution of ≈ 80 ps.
In Fig. 2A we show a PEEM image with a field of view of 50 µm containing Ni squares of 2×2 µm 2 in presence of SAWs. We observe bright and dark stripe lines with the periodicity of the SAW excitation (wavelength, λ SAW ≈ 8 µm). The SAW produces a contrast in the PEEM images because the piezoelectric voltage associated with the wave shifts the energy of the secondary electrons that leave the sample surface. Imaging with a fixed phase delay and a slightly detuned (sub Hz) SAW frequency confirmed the SAW propagation direction by direct observation of the displacement of the stripes in consecutive PEEM images (see, videos in Supplementary Material). Figure 2B shows the number of secondary electrons (photoemission intensity) as a function of the electron kinetic energy, recorded by our detector at two surface areas corresponding to opposite phases of the wave, cf. the arrows in Fig. 2A . The energy shift between the two spectra corresponds to the peak-to-peak amplitude of the SAW-induced piezoelectric potential added to the 10 keV applied at the sample surface for PEEM detection (2.6 V for the rf-power used in Fig. 2A) . A schematic plot of the piezoelectric SAW is presented in Fig. 2C showing the intensity of the strain modulation in the x-z plane of a SAW propagating along x. Strain arises from the spatial variation of the displacements; the SAW decays exponentially with depth with a decay length of the order of the SAW wavelength 25, 26 . Figure 2C shows, as well, the electric field (blue arrows) corresponding to the modulation along x of the piezoelectric voltage at the sample surface (dashed blue line).
The measurement of the amplitude of the surface electric potential associated with the SAW allows for a quantification of the strain applied to the Ni nanostructures (see, Methods).
We plot in Fig. 2D the oscillation along x of the piezoelectric potential with a peak-to-peak amplitude of 2.6 V (blue dashed curve) measured in Fig. 2A , together with its corresponding calculated longitudinal in-plane strain component, S xx (solid curve), which is the strain component responsible for the variations of the in-plane magnetic anisotropy in our structures. We notice that the piezoelectric potential, and therefore the out-of-plane electric field,
, is in phase with S xx . Once we have shown that PEEM images provide a direct visualization of the surface potential associated to the SAW and thus a quantification of the dynamic strain, we now focus on the response originated by the SAW on the magnetic structures.
The intensity of the XMCD images is proportional to the component of the Ni magnetization along the X-ray incidence direction, represented in intensity gray scale. In order to quantify the ME-induced anisotropies, we chose polycrystalline Ni squares of 2 × 2 µm 2 size and 20 nm thickness, having a four-domain Landau flux-closure state 15 (see, images in Fig.   3 ). We first studied samples with the Ni squares' sides aligned with the SAW propagation direction. Figure 3A shows a temporal reconstruction of the effect of a SAW on a single Ni square; we plotted the direct PEEM images (top row panel) to see the SAW propagation and the PEEM/XMCD images (lower row panel) to show the magnetic domain configuration.
The dynamical process of the magnetization is precisely observed in this figure where images correspond to intervals of 333 ps (1/6 of the SAW period): gray domains are first favored (magnetization perpendicular to SAW propagation) whereas black and white domains grow at larger values of the phase (magnetization aligned with the SAW propagation).
We have analyzed the response to SAW of domain configurations from multiple squares within the same piezoelectric substrate by acquiring 20 µm 2 size XMCD images at different phase delays between SAW and X-ray pulses. At each phase delay, we calculated the area occupied by black and white domains in each square. This corresponds to the total area with magnetization oriented along the x direction, which is the one modulated by the SAWs. From the correlation between in-space variations of strain and variation of magnetic anisotropy, we obtained a value for the parameter β = k ME,ac /S xx = 2.2 × 10 6 J/m 3 at 500
MHz. The value of this ME coupling coefficient is similar to the reported values measured with static strain 15 . We expected the value β to be similar to the static case because strain-induced changes of magnetic anisotropy are related to the modifications of electron orbitals and thus these electronic properties must respond much faster than the 500 MHz strain oscillation used in our experiment. However, we observe in In summary, we have resolved simultaneously at the nanometer scale the strain caused by a SAW of ≈ 500 MHz and the response of magnetic domains by using XMCD-PEEM microscopy, unveiling the dynamic response of the magneto-elastic effect. We found that manipulation of magnetization states in ferromagnetic structures with SAW is possible at the picosecond scale with efficiencies as high as for the static case. The magnetization dynamics is governed by the intrinsic configuration of the magnetic domains and by their orientation with respect to the SAW-induced strain, which has to be considered in the design of the magnetic devices. The described experiments offer a novel approach for the study of physical effects that depend on dynamic strain, as the concept may be applied to a wider range of research fields such as crystallography, nanoparticle manipulation, or chemical reactions. IDT were several mm away from the sample center and the Ni nanostructures, thus allowing to screen them from the high electric field of the objective lens by the raised sample holder cap. After introduction in vacuum each sample was degassed at low temperature (< 100 C) for at least 1 h in order to reduce the risk of arcs between sample (at high voltage) and microscope objective (at ground). A reduced acceleration voltage of 10 kV (standard is 20 kV) was used to further reduce the risk of discharges. The beamline intensity was adjusted in order to avoid excessive surface charging of the LiNbO 3 substrate. For the synchronized excitation, the digital timing signal provided by the ALBA timing system 28 was converted into a phase locked 499.654 MHz (referred to as 500 MHz throughout the text) analog signal with a Keysight EXG Vector signal generator (model N5172B with option 1ER). The phase with respect to the master clock and the amplitude of the signal can be adjusted at this level as the experiment requires. The analog signal is then transmitted by a custom optical fiber system into the PEEM high voltage rack and amplified 24 .
The phase or temporal resolution depends on the size of the zone analyzed as the phase changes with λ approx 8 µm. However, an upper limit of the total temporal smearing (electronic jitter plus photon distribution from bunch length and bunch dephasing) for a small enough zone can be derived from the sharpest possible step feature of the SAW that can be resolved, which corresponds to ca. 80 ps. This is a good value for time resolved PEEM, which is helped by the continuous electrical AC excitation of a resonator structure (IDT), for which jitter is more easily controlled, but also reflects the quality of the ALBA beam in multi-bunch mode. All data presented was taken in thermal equilibrium. When the SAW were switched on, a slow (time scale of minutes up to tens of minutes) drift in the PEEM imaging showing small changes in the SAW wavelength from LNO surface was observed and indicated a change in temperature. Data was taken after a long period of thermalization and we compared snapshots at different instants within the 2 ns SAW cycle.
Piezoelectric voltage to strain conversion. We calculated the amplitude of the piezoelectric potential and strain tensor components by numerically solving the coupled differential equations of the mechanical and electric displacement for an acoustic wave propagating along the x direction of a semi-infinite 128 Y-cut LiNbO 3 substrate. To obtain surface modes, we looked for solutions that decay towards z > 0 and satisfy the stress and electric displacement boundary conditions at the surface, z = 0. We have used the same SAW wavelength as the experiment, and have selected power density so that the amplitude of the simulated piezoelectric potential at z = 0 coincides with the measured one 29 .
Micromagnetic simulations. Numerical simulations were performed using a MuMax3 
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VIDEOS DESCRIPTION
• STVscan.avi : The SAW produce a contrast in the PEEM images because the piezoelectric voltage associated with the strain wave shifts the energy of the secondary electrons. Thus, bright and dark stripe lines with the periodicity of the SAW excitation (wavelength, λ SAW ≈ 8 µm) appear in the PEEM images. We compiled a video with PEEM images corresponding to different electron kinetic energy (that were controlled in our detector). Note the contrast inversion during the scan corresponding to the ranges highlighted in Figure 2b . A single image is presented in Fig. 3A in the main manuscript.
• Detuned.avi We recorded PEEM images with a SAW frequency having a small (subHz) detuning with respect to the synchrotron bunch frequency to confirm the SAW propagation direction by direct observation of the displacement of the stripes in the PEEM images. This video presents a 0.01 Hz detuning both positive and negative that confirm the wave propagation.
• XMCD.avi PEEM and PEEM/XMCD images are combined in a video that shows the simultaneous evolution of the piezoelectric voltage and the magnetic domain configuration in the hybrid sample of LiNbO 3 with Ni squares.
MICROMAGNETICS RESULTS
We modeled the dynamic anisotropy variations in the Ni nanostructures with micro- 
